Abstract. The relative importance of wildfire smoke for air quality over the western U.S. is expected to increase as the 11 climate warms and anthropogenic emissions decline. We report on in situ measurements of ozone (O 3 During the August smoke-impacted period, nitrogen dioxide was also elevated during the morning and evening compared to 18 the smoke-free periods. There were six days during our study period where the maximum 8-hour average O 3 at BAO was 19 greater than 65 ppbv, and two of these days were smoke-impacted. We examined the relationship between O 3 and 20 temperature at BAO and found that for a given temperature, O 3 mixing ratios were greater (~10 ppbv) during the smoke-21 impacted periods. Enhancements in O 3 during the August smoke-impacted period were also observed at two long-term 22 monitoring sites in Colorado: Rocky Mountain National Park and the Arapahoe National Wildlife Refuge near Walden, CO. 23
Introduction 28
(-39 pptv or -45%) and 3-methylhexane showed a significant increase (63 pptv or 75%) during the smoke-impacted period, 226 despite both having similar smoke-free abundances and similar rate constants for reaction with OH radicals (~ 7 x 10 12 cm 3 227 molec -1 s -1 ). 228
229
The atmospheric lifetimes of the four alkenes we quantified (isoprene, propene, ethene, and cis-2-butene) range from tens of 230 minutes to hours. Isoprene, propene, and ethene showed significant decreases in their average abundance: -64% (-143 pptv), 231 -77% (-39 pptv), and -81% (-206 pptv) respectively. The shape of the diurnal cycles did not change (not shown), though 232 propene and ethene were near their respective limits of detection for the majority of each day during the smoke-impacted 233 period. These alkenes were among the most reactive species quantified, and one potential explanation for the reduced 234 abundance of these species during the smoke-impacted period is enhanced oxidation capacity linked to the presence of 235 smoke. However, we do not observe decreased abundances of cis-2-butene, which has a comparable OH-reactivity to 236
propene and lower average abundance. An alternative hypothesis for the reductions in the other three alkene species may be 237 reductions in local biogenic emissions during the smoke-impacted period either due to lower air temperatures or due to a 238 reduction in photosynthetic active radiation (PAR) at the surface during the August smoke-impacted period. Isoprene is 239 emitted by broad leaf vegetation, and emission rates are highly light and temperature sensitive (Guenther et al., 2006) . 240
However, while we did observe lower average daytime temperatures at BAO during the August smoke-impacted period 241 compared to the rest of the dataset (-2.3˚C), the majority of Front Range emissions of propene and ethene are likely from 242 anthropogenic sources. Thus this hypothesis could possibly help explain reduction in isoprene but not likely explain 243 reductions in ethene and propene. Shifts in local transport could also help explain differences but we did not observe any 244 consistent shifts in wind direction or changes in wind speed that would indicate consistently different local transport during 245 the August smoke-impacted period. 246
247
The only alkyne measured was ethyne. Ethyne is emitted by wildfires (Akagi et al., 2011) and has a lifetime of ~1 month 248 during summer. We observed a significant increase in the abundance of ethyne during the August smoke-impacted period. 249
These enhancements were small in absolute mixing ratio (0.163 ppbv), but represented a large percentage increase (67%) 250 and were consistently present throughout the day. 251
252
It is well known that wildfires produce carcinogenic aromatic hydrocarbons including benzene (Fent et al., 2014) . During the 253 smoke-impacted periods, we observed significantly enhanced benzene throughout the day with an average increase of 0.117 254 ppbv and a percentage increase of 67%. These enhancements followed the pattern of CO and ethyne; there were consistent 255 increases throughout the day and the diurnal cycle retained its shape. Wildfires also produce toluene (Fent et al., 2014) ; 256 however, it has a substantially shorter lifetime (< 2 days) than benzene (~12 days). Toluene showed no significant changes in 257 its mean mixing ratio, diurnal cycle, or range of values measured at BAO during the smoke-impacted periods. The other 258 aromatic hydrocarbons we quantified (o-xylene and ethyl-benzene) also did not change significantly. 259
Atmos. Chem. Phys. Discuss., doi:10.5194/acp-2017 Discuss., doi:10.5194/acp- -171, 2017 Manuscript under review for journal Atmos. Chem. Phys. Discussion started: 1 March 2017 c Author(s) 2017. CC-BY 3.0 License.
As mentioned in Section 1, oxygenated VOCs are emitted by wildfires and make a large contribution to the total emitted 261 VOC mass in wildfire smoke (Stockwell et al., 2015) . Additionally they are produced as oxidation intermediates (Atkinson 262 and Arey, 2003) . Acetaldehyde, acetone, and methyl ethyl ketone (MEK) showed no consistent changes in their abundances, 263 diurnal cycles, or range during the smoke-impacted period compared to the smoke-free period. Small increases in average 264 acetone (~350 pptv) and MEK (~150 pptv) mixing ratios during late afternoon and evening hours were not statistically 265 significant. 266 267 Given the diversity of emission sources across the northern Colorado Front Range, previous studies of atmospheric 268 composition at BAO have noted a strong dependence of VOC composition on wind direction (Pétron et al., 2012; Gilman et 269 al., 2013) . Recent housing development and oil and gas production surrounding the BAO site have made analyses based on 270 wind direction more challenging in recent years (McDuffie et al., 2016) . Importantly for our analysis, we found that the 271 statistically significant changes in all species during the smoke-impacted periods occurred across all wind directions. Figure  272 and 22 pptv respectively, corresponding to a ~100% change for both species. The peak of each diurnal cycle was shifted later 281 in the day by about 3-4 hours for the smoke-impacted period. This cannot be accounted for merely by the shift in the timing 282 of solar noon given that the total decrease in daylight between 10 July and 30 August is ~2 hours. The ratio of PPN to PAN 283 during the August smoke-impacted period exhibited a significant decrease from the smoke-free period ratio (0.14 ± 0.012 284 versus 0.17 ± 0.006; calculated as the slope of a reduced major axis linear regression on the hourly data from 12PM -5PM 285 MDT Figure S3 ). The direction of change in the ratio is consistent with observations of PPN/PAN ratios in Asian urban and 286 aged biomass burning plumes off the coast of California (Roberts et al., 2004) . The C 1 -C 2 alkyl nitrates measured at BAO 287 exhibited similar behaviors; methyl nitrate and ethyl nitrate saw average enhancements during the August smoke period of 288 1.2 and 0.77 pptv, 41% and 31% respectively, though the average mixing ratios of these species are smaller by an order of 289 magnitude compared to other alkyl nitrates quantified. Propyl-, pentyl-, and butyl-nitrate did not display significant changes 290 in their average mixing ratio, though we observed a similar shift in the peak of their diurnal cycles of 2-4 hours. We did not 291 observe significant changes in the abundances of HNO 3 . There were no changes to the diurnal cycle or the range of mixing 292
Atmos. Chem. Phys. Discuss., doi:10.5194/acp-2017 Discuss., doi:10.5194/acp- -171, 2017 Manuscript under review for journal Atmos. Chem. Phys. Discussion started: 1 March 2017 c Author(s) 2017. CC-BY 3.0 License. ratios observed. 293 294 NO and NO 2 measurements were made during the entire campaign, 1 July -7 September 2015, so both the July and August 295 smoke-impacted periods were analyzed with respect to potential changes in NO x . NO was present in the same abundances 296 between the two periods and showed the same diurnal cycle during the August smoke-impacted period as compared to the 297 smoke-free period ( Figure 5 ). During the July smoke-impacted period the morning buildup of NO was slower than the 298 smoke-free period, though the mixing ratios were within the range of smoke-free values and there were fewer days in the 299
July period compared to the August smoke-impacted period. 300 301 Figure 5 shows that NO 2 abundances exhibited more significant changes. During the July smoke-impacted period, NO 2 was 302 within the range of smoke-free measurements but the diurnal cycle was shifted later in the day and the average decrease in 303 mixing ratios of NO 2 in the afternoon was not as strong as during the smoke-free periods. In contrast NO 2 during the August 304 smoke-impacted period followed the same diurnal cycle but had pronounced significant increases in average mixing ratios 305 during the morning and evening hours of ~8 ppbv (17%) following sunrise and 3 ppbv (60%) following sunset. These 306 enhanced peak abundances appeared during multiple days during the August smoke-impacted period. We did not find 307 evidence that these enhancements were due to traffic patterns. The concurrently observed PAN abundances can only account 308 for at most 1 ppbv of additional NO 2 , but there could have been significantly higher PAN abundances in the smoke plume 309 prior to reaching BAO and PAN dissociation is one hypothesis for the enhanced abundances. We do not have measurements 310 of other reactive nitrogen species (e.g. HONO, ClNO 2 , NO 3 , and N 2 O 5 ) to test potential other hypotheses of a different 311 chemical mechanism to explain the observed NO 2 enhancements. 312
Ozone 313
As discussed in the introduction, wildfire smoke has been found to produce O 3 within plumes and to be correlated with 314 enhanced surface O 3 in areas to which it is advected. The total amount of O 3 at a location is a complex combination of the 315 relative abundances of VOCs and NO x , meteorological conditions supporting local O 3 production, and the amount of O 3 316 present in the air mass before local production. In this section we describe the significant increases in O 3 during both smoke-317 impacted periods, show that these enhancements were most likely not due to changes in meteorological conditions, and 318 discuss evidence pointing to whether these changes may be due to enhanced local production or transport of O 3 produced 319 within the smoke plume. 320 321 Figure 5d shows that there were significant increases in O 3 mixing ratios during nighttime and midday during the August 322 smoke-impacted period compared to the average smoke-free diurnal cycle. The mean O 3 mixing ratio across all hours of the 323 day was 6 ppbv (14%) larger during the August smoke-impacted period than the smoke-free period (Figure 6 ), significant at 324
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